INTRODUCTION
Aluminium, the most abundant crustal metal, occurs in alkaline geothermal solutions predominantly as sodium aluminate, NaAl(OH) 4 (aq) (Tagirov and Schott, 2001 ). However, it is important to recognize that such solutions exist only in the presence of appreciable concentrations of NaOH(aq) because pure binary NaAl(OH) 4 (aq) solutions are unstable with respect to the precipitation of aluminium (oxy-)hydroxides such as gibbsite and boehmite.
Accurate knowledge of the thermodynamic properties for NaAl(OH) 4 (aq) + NaOH(aq) mixtures extending to high temperatures and pressures is useful for geochemical modelling purposes. The applications of such data include the quantitative description of the processes occurring during the formation or dissolution of aluminiumcontaining minerals, including gibbsite, boehmite, diaspore and other aluminium (oxy-) hydroxides (Wesolowski, 1992; Verdes et al., 1992; Bourcier et al., 1993; Castet et al., 1993; Diakonov et al., 1996; Bénézeth et al., 2001; Tagirov and Schott, 2001; Bénézeth et al., 2008) , aluminosilicates (Wilkin and Barnes, 1998; Mashal et al., 2005) , and the sodium aluminate-carbonate mineral, dawsonite, which has attracted recent interest in relation to the geochemical sequestration of the greenhouse gas CO 2 (Bénézeth et al., 
EXPERIMENTAL

Calorimeter
Heat capacities were determined using a commercial Tian-Calvet type differential scanning microcalorimeter (Setaram, Lyon, France; Model C80, 5 µW sensitivity, 0.1 µW resolution). As described in detail by Schrödle et al. (2008) , the pressure within the sample cell was kept constant by use of a large (~1 L) buffer volume of high-purity nitrogen. To prevent concentration changes by evaporation and the ingress of N 2 into the sample within the calorimeter, the sample cell and buffer volume were connected via an approximately 1 m long stainless steel capillaries of ca. 0.6 mm internal diameter joined to a Hastelloy expansion tube (~4 mm internal diameter, ~5 mL volume), which were kept at room temperature. The capillary and a small fraction of the expansion tube were filled with sample and then pressurised with N 2 . Heat leakages from, and internal convection phenomena within, the cells were minimized by use of a pre-heater installed in the upper part of the calorimeter. The temperature of the preheater was kept slightly (~1 K) below that of the calorimeter block throughout each run.
Hastelloy C276 ('Ha') vessels obtained from Setaram were used for a set of experiments below 225 °C. At higher temperatures, because of the potential danger from stress-corrosion cracking of Ha in contact with highly alkaline solutions, special cells (of ~15 mL internal volume) were machined from nickel-201 material. Details of cell construction and the protocol for filling and emptying the sample cell are given by Schrödle et al. (2008) .
Calorimetric measurements
Isobaric volumetric heat capacities of the solutions were measured in the calorimeter using discrete (step-by-step) increases of temperature interspersed with isothermal equilibration periods. Two different increments, of 5 and 20 K (10 K for the last two steps), measured at heating rates of 0.25 K/min and 1.0 K/min respectively, were used alternately throughout the investigated temperature range. This provided a check on whether the temperature increment (step height) or the scan rate affected the results. All calorimetric measurements were made isoplethically. Schrödle et al. (2008) give a full description of the experimental procedure employed for NaOH(aq), which was adhered to in this work with the following exception. To avoid precipitation of solid aluminium hydroxide, the alkaline sodium aluminate solutions were removed from the sample cell by thorough rinsing with ~3 M NaOH solution. The cell was then flushed with high purity water and dried with a stream of high purity N 2 . Calorimetric data were processed as described by Schrödle et al. (2008) for NaOH(aq).
Nitrogen and water were used as calorimetric references as they are stable, readily available in high purity, and their heat capacities can be calculated accurately from internationally-accepted models (Span et al. 2000; Wagner and Pruss, 2002) . The performance of the calorimeter was checked periodically using accurately prepared NaCl(aq) solutions. Heat capacities so obtained had a repeatability of ±0.1 % up to 200 °C and ±0.15 % at higher temperatures. For lower NaCl(aq) concentrations, they were in good agreement (±0.2 %) with the widely-employed extended Pitzer model of Archer (1992) over the whole temperature range (see the discussion by Schrödle et al., 2008) .
Based on the calorimeter performance during test measurements with NaCl(aq), and including the small additional error arising from an uncertainty of the density measurements (assumed to be <0.1 %), Schrödle et al. (2008) estimated the overall accuracy of the c p values for NaOH(aq) to be ~0.3 %, being somewhat better at lower concentrations (where c p → w p c ) and lower temperatures but possibly slightly worse at higher concentrations or at temperatures in excess of 250 °C. This corresponds to uncertainties of (~15/m) J K -1 mol -1 in the apparent molar heat capacities, C pφ .
For the interpolation of the heat capacities with respect to temperature, Schrödle et al. (2008) proposed (their Eq. 7) an empirical quantity A, which was used to calculate (their Eqs. 9 and 10) the C pφ values for NaOH(aq). As will be shown in Section 3.2, the latter expressions can also be conveniently included in equations to calculate the apparent molar heat capacities of NaOH/NaAl(OH) 4 (aq) mixtures, including those for pure 'NaAl(OH) 4 '(aq).
Densities of alkaline sodium aluminate solutions
The densities of the NaOH/NaAl(OH) 4 (aq) solutions, ρ, required for conversion of the isobaric volumetric heat capacities to the more useful massic values (c p = σ ρ
, with all quantities at the appropriate temperature, pressure and concentration) were those reported recently by Hn dkovský et al. (2009) . These data were obtained using a purpose-built vibrating-tube densimeter at 10 MPa pressure on solutions prepared from the same stock solutions used for the present study and cover the same range of concentrations and temperatures.
Since the heat capacities and densities were measured at different temperatures the latter must be interpolated. This was done using the density differences (ρ -ρ NaOH )
between those of the ternary NaOH/NaAl(OH) 4 (aq) solutions (ρ) and the binary sodium hydroxide solutions (ρ NaOH ) at the same temperature, ionic strength and pressure (P = 10 MPa) calculated by the empirical Eq. (1):
where m and m A are the stoichiometric total and aluminate molalities of the solutions respectively, m° 1 mol (kg H 2 O)
, ϑ = (T/T°) -273.15, T is the thermodynamic temperature in Kelvin and T° 1 K. The adjustable parameters a, b, … g are summarized in Table 1 . An empirical expression for (ρ NaOH -ρ w ), the difference between the densities of the NaOH(aq) solutions and pure water (ρ w ), at P = 10 MPa was given by Schrödle et al. (2008) which, when combined with Eq. (1), enables calculation of ρ for the ternary solutions. The present density model was able to reproduce the experimental density differences ∆ρ (= ρ -ρ w ) values to within ±0.3 %. This implies that the agreement in terms of densities varies from ca. ±0.03 % to ±0.1 %, depending on temperature and concentration. Note that Eq. (1) was employed in the present study rather than the more fundamental expressions (for apparent molar volumes) given by Hn dkovský et al.
(2009) because it is simpler to use for the interpolation of densities. The minor differences in density calculated from these two expressions have a negligible effect on the calculated heat capacities reported in this work.
Materials
All solutions were prepared by weight from appropriate stock solutions. No buoyancy corrections were employed so the concentrations have an accuracy no better than ±0.1%. Sodium hydroxide solutions with carbonate impurities below 0.1 % of the total alkalinity were prepared as described by Schrödle et al. (2008) . Stock solutions of aluminate were obtained by dissolving aluminium wire (BDH AnalaR, assay > 99.9 %) in ~8 mol kg −1 NaOH solution. A detailed procedure for the preparation of these stock solutions, which were the same as those used for the determination of the densities, is
given by Hn dkovský et al. (2009) . Briefly, the previous procedure (Sipos et al., 1998) was modified to ensure an inert atmosphere was maintained over the liquid during the preparation, to shorten the time required from 3 days to few hours and to enable better control of the reaction rate. This was achieved by adding aluminium chunks (ca. 1 cm × 0.5 cm, formed by twisting together a bundle of aluminium wires then cutting them to the desired length) through a 40 cm long condenser, held at 3 °C to minimize water loss and blanketed with N 2 gas, into NaOH solution maintained at about (60 to 70) °C.
RESULTS AND DISCUSSION
3.1. Volumetric and massic heat capacities of NaOH/NaAl(OH) 4 (aq)
Various sets of heat capacity data were acquired for NaOH/NaAl(OH) 4 (aq) at temperatures ranging from 50 to 300 °C at a pressure of 10 MPa using Ni and Ha cells.
These data are presented in an electronic annex (Tables EA-1 to EA-4). No significant differences were found between the data measured in the two types of cell, nor was any dependence observed on the size of the temperature increments or scan rates. The densities required for the calculation of massic heat capacities were obtained as described in Section 2.3 and for convenience are also listed in Tables EA-1 to EA-4. Figure 1 shows that the massic heat capacities of the NaOH/NaAl(OH) 4 (aq) mixtures vary smoothly with ionic strength, aluminate substitution and temperature, and are broadly consistent with those of the corresponding NaOH(aq) solutions. The overall uncertainties in the c p values are estimated to be ±0.5 %, which is slightly higher than those reported for NaOH(aq) by Schrödle et al. (2008) , mainly because the increased compositional uncertainty.
Apparent molar heat capacities of NaOH/NaAl(OH) 4 (aq)
Values of the 'mean' apparent molar heat capacity of the ternary NaOH/NaAl(OH) 4 (aq) solutions
were derived from the present c p data combined with the massic heat capacity of water, w p c , as given in the IAPWS-95 formulation (Wagner and Pruss, 2002) . In Eq. (2), M is the average molar mass (in g mol -1 ) of the mixed solute, which is given by Eq. (3):
where M i is the molar mass of solute i, = m A /m is the degree of substitution of hydroxide by aluminate and m A and m (both in mol kg -1 ) are the aluminate and total molalities respectively. Note that since both NaOH and NaAl(OH) 4 are 1:1 strong electrolytes, the stoichiometric molality-based ionic strength, I, is given by I = m = m A + m NaOH . These quantities are also listed in Tables EA-1 to EA-4.
As shown in Figure 2 , the apparent molar heat capacities of NaOH/NaAl(OH) 4 (aq) depend linearly on aluminate substitution for hydroxide, i.e., they conform closely to Young's rule (Wu, 1970) . At any given temperature, the slope of this linear dependence is the same for all ionic strengths ( Figure 2 ) but depends linearly on temperature ( Figure 3 ). The intercepts of these linear functions correspond to C pφ (NaOH, T), the apparent molar heat capacities of NaOH(aq), which have been correlated by Schrödle et al. (2008) . Therefore, the complete set of mean apparent molar heat capacities of the ternary alkaline aluminate solutions, C pφ (NaOH + NaAl(OH) 4 , T), at 10 MPa can be described by Eq. (4):
where A The values of C pφ (NaOH, T) in Eq. (4) can be calculated using Eqs. (7 -10) with the parameters from Tables 4 and 7 of Schrödle et al. (2008) , which are valid for 1
≤ 8, 50 ≤ ϑ/°C ≤ 300 and P = 10 MPa. Equation (4) and temperatures for which values of C pφ (NaOH, T) were reported by Schrödle et al. (2008) . If the range of validity of Eq. (4) is assumed to extend to ionic strength zero (infinite dilution), the standard partial molar heat capacities,
can in principle be derived from the present data provided the corresponding quantities for NaOH(aq) are known. However, the last depend on the form of the extrapolation equation used (e.g., Redlich-Meyer or Pitzer) and on the Debye-Hückel parameters employed (see Schrödle et al., 2008) . Fernandez et al. (1997) and from Bradley and Pitzer (1979) respectively (Schrödle et al., 2008) .
Literature comparisons
Comparison of the present heat capacities of NaOH/NaAl(OH) 4 (aq) mixtures with literature data is not straightforward because the previous studies at higher temperatures were measured at varying pressures (Caiani et al., 1989) and/or were of comparatively low accuracy (Mal' tsev and Mashovets, 1965; Mashovets et al., 1969) .
On the other hand, Figure 5 shows that there is a broad consistency between the present data at 10 MPa and the earlier investigations at low temperatures and atmospheric pressure (Hovey et al., 1988; Magalhães et al., 2002) , where the compressibility of aqueous electrolyte solutions is typically small.
SOLUBILITY CONSTANT OF BOEHMITE TO 300 ºC
Whilst there is a general agreement about the thermodynamic properties of gibbsite, Al(OH) 3 (cr) Verdes et al., 1992; Wesolowski, 1992; Königsberger et al., 2006) , the corresponding values for boehmite, AlOOH(cr), and particularly for the aluminate ion, Al(OH) 4 -(aq), are considerably less certain. The present heat capacity measurements can be used to constrain the values for these quantities by comparison of predicted and experimental gibbsite and boehmite solubility constants.
Heat capacity changes of gibbsite and boehmite dissolution in caustic solution
The solubility equilibria of gibbsite and boehmite in alkaline solutions can be represented by reactions (5) and (6) respectively
The standard equilibrium constants of reactions (5) and (6), Kº s4 (T), using the common notation of Sillén and Martell (1964) can then be performed using standard thermodynamic relationships (McGlashan, 1979) .
Since experimental r C p º(T) functions for reactions (5) and (6) Hovey et al. (1988) in a fit of gibbsite solubility data to an empirical Kº s4 (T) function but concluded that the latter was not very sensitive to changes in r C p º in the rather small temperature interval covered.
The present C pφ (NaOH + NaAl(OH) 4 , T) data can be employed to predict Kº s4 (T) functions up to 300 ºC without the need for empirical fitting parameters. The standard heat capacity functions for reactions (5) and (6), r C p º(5, T) and r C p º(6, T)
respectively, are defined as:
and
Eqs. (7) and (8) involve the difference between the partial molar heat capacities of the aluminate and hydroxide ions, hereafter denoted ion C p º. This quantity can be obtained readily from the present data and rearrangement of Eq. (4) to give:
where the parameters A and B are those given in Section 3.2. Since Eqs. (4) and (9) also apply at infinite dilution, along with ionic additivity, this means
The pressure dependence of ion C p º was not determined in the present study. However, To describe the standard heat capacity functions required for the calculation of r C p º(T) using Eqs. 7 and 8, the following generic C p º(S, T) function for species S was used:
where T a = 227 K and T b = 647 K. Heat capacity data for H 2 O(l) were generated from the IAPWS-95 formulation (Wagner and Pruss, 2002) at 10 K intervals and fitted to Eq.
(12). Since solubilities are usually measured at saturation pressures, C p º(H 2 O(l), T) was calculated for P sat (which differed from C p º(H 2 O(l), T) at P = 10 MPa by <1.75 %). The were also fitted to Eq. (12), while for AlOOH(cr), parameters were taken from the most recent temperature-dependent equation reported by Hemingway et al. (1991) and used directly in Eq. (12) (note that in the last term of Eq. (1) of Hemingway et al. (1991) , the exponent of T should be -2). In the fit of ion C p º(T) to Eq. (12), values measured at low temperatures and atmospheric pressure (Hovey et al., 1988; Magalhães et al., 2002) were combined with the present data given by Eq. (10). All resulting parameters for Eq. (12) are collected in Table 3 .
Equations (7) , respectively, in the temperature range from (50 to 300) ºC.
Since the present r C p º(T) functions for reactions (5) and (6) are based exclusively on accurate heat capacity data measured at temperatures up to 300 ºC, they can be employed to assess the reliability of r Hº 298.15 and r Sº 298.15 for these reactions.
The latter two quantities were evaluated from the literature values given in Table 4 and used with r C p º(T) to calculate Kº s4 (T) up to 300 ºC. These values were then compared with those derived from experimental solubility studies. 
Evaluation of gibbsite and boehmite solubility constants
where T r = 298.15 K and r h, r i, … are calculated according to Eqs. (7) and (8) from the parameters for the individual species given in Table 3 . The following discussion is based on the calculation of gibbsite and boehmite solubility constants using Eq. (14).
Thermodynamic properties of Al(OH) 4 -(aq)
In all of the present calculations, the standard (partial) molar enthalpies and entropies at 298.15 K for water and the hydroxide ion were the CODATA key values (Cox et al., 1989) . The thermodynamic properties of gibbsite (Table 4) were the generally-accepted values of and . On the other hand, the corresponding values proposed by various authors for Al(OH) 4 -(aq), which for convenience are also listed in Table 4 , differ widely. Although they have been discussed on a number of occasions (Verdes et al., 1992; Wesolowski, 1992; Bénézeth et al., 2001; Tagirov and Schott, 2001; Königsberger et al., 2006) , no general agreement has been reached.
The present calculations show that the thermodynamic values for Al(OH) 4 -(aq)
proposed by Hovey at al. (1988) , Wesolowski (1992) and Königsberger et al. (2006) Table 4 , are recommended for thermodynamic and solubility calculations involving this species. However, as indicated by the rather large uncertainties (Table 4 ) assigned by Bénézeth et al. (2001) to the thermodynamic data for Al(OH) 4 -(aq), these quantities are probably less certain than suggested by Zeng et al. (1994) on the basis of their calorimetric study.
Thermodynamic properties of AlOOH(cr)
Figure 6 also compares selected experimental boehmite solubility constants (corrected to infinite dilution where appropriate, using the Pitzer model of Königsberger et al., 2006) with the Kº s4 (T) values generated from the r C p º(6, T) function derived above together with some of the thermodynamic property data for boehmite at 298.15 K listed in Table 4 .
The experimental boehmite solubility constants appear to fall into two groups.
The data of Russell et al. (1955) , and the results of Verdes et al. (1992) , reported by Chen and Zeng (1996) , by +0.6 kJ mol -1 so as to be consistent with the solubilities of Russell et al. (1955) in strongly alkaline solutions.
Adjusting Chen and Zeng's (1996) (AlOOH(cr) ) by just 1.1 kJ mol -1 (which is less than the experimental uncertainty of ± 1.3 kJ mol -1 reported by Chen and Zeng, 1996) .
Similar comparisons between predicted and experimental Kº s4 (T) can be made by employing the thermodynamic data recommended by other groups to model boehmite solubilities. These are discussed in the following paragraphs.
When used together with the present r C p º(6, T) function, the properties selected for AlOOH(cr) and Al(OH) 4 -(aq) by Tagirov and Schott (2001) , Table 4 , underestimate all experimental data over the complete temperature range (by ~0.2 in log Kº s4 (T) at 300 ºC). Tagirov and Schott's values for AlOOH(cr) and Al(OH) 4 -(aq) are obviously correlated (and should thus only be used) with parameters for the revised Helgeson-Kirkham-Flowers equation that were determined by them simultaneously in fits to boehmite solubility constants.
The standard thermodynamic properties for AlOOH(cr) and Al(OH) 4 -(aq) at 298.15 K selected by Bénézeth et al. (2001) were derived from their own boehmite solubility data ; open squares). However, their C p º(Al(OH) 4 -(aq)) value is considerably higher than those reported by other authors (Table 4) . This difference in C p º(Al(OH) 4 -(aq)) can be allowed for by adding a constant value to the present r C p º(6, T) function. This results in the good fit shown in Figure 6 (Table 4) . However, combining the latter two quantities with the present r C p º(6, T) function predicts logKº s4 (T) values that are higher than all experimental data (by ~0.45 in log Kº s4 (T) at 300 ºC). It is noteworthy that both Bénézeth et al. (2001) and Verdes et al. (1992) employ the latter's value of Sº 298.15 = 49.4 J K -1 mol -1 for boehmite, which was obtained from fits to their solubility data. This value is considerably (~30 %) higher than the recommended, calorimetrically-determined value of Sº 298.15 = 37.19 J K -1 mol -1 (Hemingway et al., 1991 ; Table 4 ).
Overall, the above assessment of the thermodynamic properties for AlOOH(cr), Al(OH) 3 (cr) and Al(OH) 4 -(aq) at 298.15 K provides recommended values (Table 4, bold numbers) that, combined with the present calorimetrically-determined r C p º(T)
functions, are fully consistent with the extensive solubility database for boehmite and gibbsite ( Figure 6 ). This set of thermodynamic quantities gives an accurate and consistent description of aqueous sodium hydroxide/aluminate solutions, including gibbsite and boehmite solubilities, at temperatures up to 300 ºC and at pressures up to 10 MPa.
CONCLUSIONS
The heat capacities of concentrated alkaline sodium aluminate solutions have been determined by differential calorimetry with an accuracy of better than ±0.5 % at Debye-Hückel parameters from Bradley and Pitzer (1979) ; cf. Schrödle et al. (2008) . (Hovey et al., 1988; Magalhães et al., 2002) . Hemingway et al. (1991) b Verdes et al. (1992) c Takahashi et al. (1973) d e f Wesolowski (1992) g Hovey et al. (1988) Hovey et al., 1988; , Magalhães et al., 2002) . Values for C pφ (NaOH, T) included for comparison (dotted lines). ).
